Abstract: Multi-spectral imaging was used for Kaposi's sarcoma lesion follow-up. Reconstruction of blood volume and oxygenation as well as Principal Component Analysis was performed and we demonstrate the relationship between the first principal component and blood.
Introduction
Assessment of the metabolic state of skin surface lesions is often desired in clinical routines as a measure for treatment outcome. Diffuse multi-spectral imaging of the skin combined with an analytical skin model can provide this information by producing spatial maps of skin chromophore concentrations [1] [2] [3] . The disadvantage of this method lies in the computationally expensive data post processing, making real time conclusions difficult or even impossible if the sample size is large.
Principal component analysis (PCA) is a widely used statistical tool, which has found application in fields such as face recognition and image compression, and is a common technique for finding patterns in data of high dimension. The basic idea is to reveal the data components (in a decreasing order) that best explain the variance in the data. The main advantage of PCA is the speed of computation, which is in the order of seconds per image. Tsumura et al. 4 showed that skin color in digital images can be described by attributing melanin and blood to the first two principal components. Applied to biomedical imaging, PCA has been used on digitized photographic images for skin lesion classification 5 .
Here we are describing multi-spectral imaging on Kaposi's sarcoma skin surface lesions and a combination of reconstruction of blood with PCA. We will show reconstruction results over the course of treatment, therefore following the metabolic state of the tumor and will show that the primary principal component of the data is tightly related to blood. Furthermore we propose PCA on multi-spectral images for clinical routines for real time vascular imaging of lesion progression or regression.
Patients and Materials 2.1 Kaposi's Sarcoma Patients
HIV related Kaposi's sarcoma (KS) is a multicentric angioproliferative neoplasm, caused by KS associated herpes virus (KSHV / HHV-8). Patients develop skin surface lesions, which vary in size, and color, where the color is due to the highly vascular nature of the lesion and subsequent vessel leakage, which leads to the breakdown of hemoglobin and hemosiderin formation.
Patients enrolled in this study were treated with an agent that blocks angiogenesis. One lesion was selected for follow up with multi-spectral imaging, and was imaged before treatment and approximately every 12 weeks during therapy. All patients gave written informed consent, and the protocol was approved by the Institutional Review Board of the National Cancer Institute.
Instrumentation
A non-invasive, non-contact diffuse reflectance multi-spectral imaging system was developed in cooperation with Lawrence Livermore National Laboratory 2, 3 . Polarized light from a white light source (halogen 150W) is used for illumination of the sample. A second polarizer is placed before the detection unit, perpendicular to the incident beam polarization, thus guaranteeing diffuse reflectance measurements and removal of specular reflection 6 . Light is captured in a CCD camera (Princeton Instruments CCD-612-TKB, Roper Scientific) after passing consecutively one of six narrow bandpass filters (40nm FWHM, CVI Laser) on a filter wheel. Six wavelength images are taken, the wavelengths being 700, 750, 800, 850, 900 and 1000nm. For calibration purposes, images from a 90% reflectance paper (Kodak) are taken.
Methods 3.1 Reconstruction of skin chromophores
In vivo data acquired from Kaposi's sarcoma lesions using diffuse multi-spectral imaging was used for reconstruction of blood volume and oxygenation. Reconstruction was performed by least squares non linear fitting of the data to our analytical skin model. Four wavelength (λ) images were used for reconstruction, being 700, 750, 800, and 850nm. The analytical skin model used is based on a two layered structure, the first one being the melanin containing epidermis, the second one being the blood containing dermis and can be written as:
The attenuation by the epidermis, A e , is based on Lambert's law and can be written as: 
with v m the concentration of melanin, d e the thickness of the epidermis and µ e the absorption coefficient of the epidermis, which is based on the absorption of melanin. The attenuation by the dermis, A d , which includes the absorption due to blood volume and oxygenation, is based on the analytical solution of photon migration in turbid media based on random walk theory and can be written as: 
where µ s is the reduced scattering coefficient and µ d is the absorption coefficient of the dermis. The scaling factor S, blood volume, v db , and blood oxygenation, v boxy , are unknown a priori and were solved for.
Principle Component Analysis
Principle component analysis (PCA) is a statistical tool that linearly transforms the data into an orthogonal coordinate system whose axis correspond to the principal components in the data, i.e., the first principal component accounts for as much variance in the data as possible and, successively, further components capture the remaining variance. Through an eigenanalysis, the principal components are determined as eigenvectors of the dataset's covariance matrix and the corresponding eigenvalues refer to the variance that is captured within each eigenvector.
We acquired multi-spectral images from KS patients for three wavelengths (750, 800, 850nm), which provides a datacube that is built from three-dimensional pixel vectors. In this wavelength range, the dominant chromophore is blood and should therefore explain most of the variance of the data. PCA was performed on the collection of threedimensional pixel vectors. We then projected the data along the first principal component. The resulting image represents the maximal variance of the data that can be captured within one single image.
Results
Multi-spectral data was collected before the therapy and on three consecutive visits during the therapy (week 14, 26, and 38). Digital images in figure 1 show the lesion over time. Reconstruction of blood oxygenation and blood volume was performed and results can be seen in figure 2 and 3 , with the colorbars indicating fractional concentrations. Before treatment (week 0), a clear reduction in blood oxygenation can be seen within the lesion (figure 2), surrounded by a ring like shape of hypoxic tissue. A local increase in blood volume is seen as well (figure 3), which does not extend to surrounding tissue. After 14 weeks of treatment, a decrease in blood volume and an increase in blood oxygenation can be seen, indicating remission of the disease, whereas the digital image does not show any decrease in size. The same trend is observed 26 weeks and 38 weeks after start of treatment. The patient was released from the protocol at week 48, at which time all lesions had responded by clinical criteria and the patient was determined to have a pathological complete response. In figure 4 we see results obtained by PCA, showing the projection along the first principal component in arbitrary units. A similar spatial distribution of local changes within the lesion can be seen before treatment (figure 4 left). The projection shows the same structure in the center of the lesion as seen in figure 3 and a similar ring shape behavior is seen as in figure 2 . The projection along the first principal component strongly correlates throughout the treatment with a mixture of blood volume and blood oxygenation, indicating that most of the variation in the data is due to blood. 
Discussion and Conclusion
Multi-spectral imaging was used for Kaposi's sarcoma lesion follow-up. Reconstruction of blood volume and oxygenation as well as Principal Component Analysis was performed and we demonstrate the relationship between the primary eigenvector and blood.
Results of oxygenation and blood volume showed an increase and decrease (figure 2 and 3) respectively inside the lesion over the course of the treatment. Results indicated remission of the disease already at week 14, even though the lesion on the surface did not clinically decrease in size. Pathologic complete remission of disease was confirmed by the clinic in week 48.
Principal component analysis has been applied to the same data set and the projection along the first principal component was calculated for each pixel. The 2D spatial representation of this projection shows the same distribution as reconstructed blood distributions. Furthermore, the changes over time resemble a mixture of blood volume and blood oxygenation, which is to be expected, as the primary chromophore in this wavelength range is blood.
When in clinical routine, very often a real time assessment of the lesion and its metabolic state is desired. Reconstruction of blood volume and blood oxygenation has the potential to deliver quantitative results, but the drawback is that it is computationally expensive and seldom achievable in real time. PCA proves to be an alternative to reconstruction of blood and due to its computational inexpensiveness could be used in real time. Future work will include assessment of PCA as a quantitative tool for blood volume concentration, as well as assessing if blood oxygenation and blood volume can be separated, as well as if melanin concentrations could be obtained.
